Introduction
============

The ubiquitin-proteasome system and autophagy-lysosome system are the two major degradation systems for cell homeostasis^[@bib1]^. Macroautophagy (hereafter referred to as autophagy) is primarily involved in the degradation of substrate proteins or organelles such as mitochondria^[@bib2]^. The first step of autophagy is the formation of a double-membrane structure called the autophagosome (including initiation and vesicle nucleation), the second step is autophagosome expansion and closure, and the final step is autophagosome fusion with the lysosome. Ultimately, substrates are degraded in the lysosome^[@bib3],[@bib4],[@bib5]^. Previous reports have suggested that autophagy is implicated in tumorigenesis, aging and many aging-associated diseases^[@bib6],[@bib7]^. Suppression of autophagy in neuronal cells can cause neurodegeneration in mice^[@bib8],[@bib9]^. Additionally, drugs that stimulate autophagy, such as rapamycin ester temsirolimus, can improve the motor performance of mice with spinocerebellar ataxia type 3^[@bib10]^.

Sequestosome 1/p62 (p62), a scaffold protein that possesses a PB1 (Phox and Bem1p-1) domain and a UBA (ubiquitin-associated) domain as well as TRAF6 and light chain 3 (LC3, Atg8 in yeast) binding sequences, is a key cargo adaptor protein involved in both the ubiquitin-proteasome system and the autophagy-lysosome system^[@bib11],[@bib12],[@bib13],[@bib14]^. p62 interacts with ubiquitinated substrates and LC3, a well-known autophagy effector and marker protein, to mediate autophagic degradation of substrates^[@bib13],[@bib14]^. p62 itself is an autophagy substrate that is involved in many diseases. It has been shown to have a protective role in cellular models of Huntington\'s disease and amyotrophic lateral sclerosis (ALS)^[@bib15],[@bib16]^. Furthermore, p62 mutations are associated with ALS and Paget\'s disease of the bone^[@bib17],[@bib18],[@bib19],[@bib20]^. Importantly, p62 plays multiple roles in tumorigenesis. In autophagy-deficient tumor cells, p62 accumulates, resulting in an alteration of the NF-κB pathway to promote tumorigenesis^[@bib21]^. Moreover, multiple tumors developed in mice with a mosaic deletion of *Atg5* or a liver-specific *Atg7* deficiency^[@bib22]^, further suggesting an association between p62 and tumors. Accumulation of p62 also activates Nrf2 to transactivate anti-oxidative gene expression to promote cell survival^[@bib23]^.

Although p62 is a cargo adaptor protein involved in autophagy, and autophagy is closely associated with many diseases, it is still unclear whether p62 can directly regulate autophagy. In our study, we investigated the role of p62 in the regulation of autophagy. Our results show that p62 can enhance autophagy activity by disrupting the interactions between Bcl-2 and Beclin 1.

Materials and methods
=====================

Plasmid constructs
------------------

The construction of full-length plasmids with EGFP-Bcl-2 and Flag-Beclin 1 has been described previously^[@bib24],[@bib25]^. Full-length human p62 was cloned using PCR products amplified from a human fetal brain cDNA library with the primers 5′- CCCAAGCTTACCATGGCGTCGCTCACCGTG-3′ and 5′- ACGCGTCGACTCACAACGGCGGGGGATGCTTTGA-3′ and subsequently inserted into the pEGFPN3 (Clontech) and p3xFLAG-myc-CMV^™^-24 vectors (Sigma) at *Hind* III and *Sal* I sites. pET-21a-p62 was created by subcloning p62 cDNA excised from the p62-EGFP plasmid into the pET-21a vector at *EcoR* I/*Sal* I sites. GST-Bcl-2 was created by subcloning Bcl-2 cDNA excised from the EGFP-Bcl-2 plasmid into the pGEX-5x-1 vector at *EcoR* I/*Sal* I sites.

Cell culture, plasmids and si-RNA transfection
----------------------------------------------

Human embryonic kidney 293 (HEK293) cells and HeLa cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) (Gibco) containing 10% fetal bovine serum (FBS) (Gibco). For DNA and siRNA transfection, cells were transfected with plasmids or siRNAs using TurboFect (Fermentas) or RNAiMAX (Invitrogen), respectively. Human siRNA sequences were si-p62 sense \#1: CATGTCCTACGTGAAGGATGATT, sense \#2: GCATTGAAGTTGATATCGATTT; and si-Bcl-2 sense: GCATGCGGCCTCTGTTTGATT. The negative control (si-nc) was a non-targeting oligonucleotide. siRNA oligonucleotides were purchased from GenePharma (Shanghai, China).

Immunoblots and antibodies
--------------------------

Cell extracts were prepared in 1×RIPA lysis buffer (25 mmol/L Tris-HCl, pH 7.6, 150 mmol/L NaCl, 1% NP-40 and 1% sodium deoxycholate) with the PI (protease inhibitor cocktail) (Roche). The lysates were separated by 10%--15% SDS-PAGE and transferred onto a PVDF membrane (Millipore). Immunoblot analyses were performed using the following antibodies: mouse monoclonal antibodies against Flag, Flag-HRP (Sigma), GFP (Santa Cruz) or p62 (Santa Cruz); rabbit polyclonal antibodies against Bcl-2 (Epitomics), Beclin 1 (Abcam) or GFP^[@bib26]^. The secondary antibodies used were sheep anti-mouse IgG-HRP and anti-rabbit IgG-HRP antibodies (Amersham Pharmacia Biotech). Proteins were visualized using an ECL detection kit (Amersham Pharmacia Biotech).

Immunoprecipitation
-------------------

1×RIPA buffer was used to prepare cell lysates. RIPA-insoluble debris was removed after centrifugation at 12 000 r/min for 30 min at 4 °C. The supernatants were subjected to immunoprecipitation with rabbit polyclonal anti-GFP antibodies coupled to protein G Sepharose (Roche) overnight at 4 °C. The protein G Sepharose was washed with 1×RIPA buffer six times and then eluted with SDS sample buffer for immunoblot analysis.

*In vitro* pulldown assay
-------------------------

An aliquot containing approximately 20 μg of GST or GST-Bcl-2 expressed by *E coli* was incubated with 30 μL of glutathione agarose beads (Pharmacia) for 30 min at 4 °C. After being washed two times with ice-cold 1×PBS, the beads were incubated with approximately 40 μg of p62 expressed by *E coli* strain BL21 for 3 h at 4 °C. Finally, the beads were washed five times with the ice-cold 1×PBS. Bound proteins were eluted with SDS loading buffer for immunoblot analysis.

Fluorescent microscopy
----------------------

HeLa cells were washed with 1×PBS and fixed with 4% paraformaldehyde for 10 min at room temperature and then treated with 0.25% Triton X-100 for 5 min. After blocking with 5% fetal bovine serum for 30 min, cells were incubated with anti-p62 (Enzo Life) and anti-Flag antibody (Sigma), then with Alexa Fluor 594 (red) and Alexa Fluor 350 (blue) conjugated secondary antibodies (Invitrogen) for 2 h. The cells were visualized using an IX71 inverted system microscope (Olympus).

Statistical analysis
--------------------

Western blot densitometry analyses of immunoblots from three independent experiments were performed with Photoshop 7.0 software (Adobe). Final data analyses were performed with Origin 6.0 (Originlab).

Results
=======

p62 can enhance basal autophagy
-------------------------------

The conversion of LC3 type I (LC3-I) to LC3 type II (LC3-II) reflects autophagosome formation and autophagy activation^[@bib27],[@bib28]^. To determine whether p62 is involved in autophagy regulation, we examined the levels of LC3-I/II after p62 was knocked down or overexpressed in HeLa cells. Surprisingly, LC3-II levels decreased when we knocked down p62 using si-p62 siRNA ([Figure 1A](#fig1){ref-type="fig"}) but increased when we overexpressed p62 in HeLa cells ([Figure 1B](#fig1){ref-type="fig"}). To further confirm the effects of p62 on LC3 conversion and to ascertain whether there was cell-type specificity, we knocked down and overexpressed p62 in HEK293 cells and also observed that p62 affected LC3 conversion ([Figure 1C](#fig1){ref-type="fig"}, [1D](#fig1){ref-type="fig"}, and [1E](#fig1){ref-type="fig"}). Taken together, these data suggest that p62 itself can activate autophagy in cell lines ([Figure 1](#fig1){ref-type="fig"}).

p62 activates autophagy in a Bcl-2 dependent manner
---------------------------------------------------

We have shown that p62 can activate autophagy ([Figure 1](#fig1){ref-type="fig"}). As Beclin 1/class III phosphatidylinositol 3-kinase (PI3K) complex is a key component for autophagosome nucleation^[@bib5],[@bib29]^, we examined whether p62 could affect the function of this component. When p62 was knocked down or overexpressed in HeLa cells, the protein levels of Beclin 1 remained unchanged ([Figure 2A](#fig2){ref-type="fig"} and [2B](#fig2){ref-type="fig"}), indicating that p62 does not activate autophagy by influencing Beclin 1 levels. It was previously reported that Beclin 1 and Bcl-2 function together to regulate autophagy by interacting with each other^[@bib30],[@bib31]^. We next investigated whether p62 regulates autophagy through Bcl-2. We overexpressed p62 in Bcl-2 knockdown cells. The effect of p62 on autophagy induction was abrogated by Bcl-2 knockdown ([Figure 2C](#fig2){ref-type="fig"}). These results suggest that p62 activates autophagy in a Bcl-2-dependent manner.

p62 interacts with and co-localizes with Bcl-2
----------------------------------------------

To further explore how p62 activates autophagy through Bcl-2, we performed various biochemical and immunofluorescent assays. The *in vitro* pulldown assay showed that p62 directly interacted with Bcl-2 ([Figure 3A](#fig3){ref-type="fig"}). To confirm this interaction, we transfected Flag-p62 into HEK293 cells and performed co-immunoprecipitation experiments. p62 was co-immunoprecipitated when Bcl-2 was immunoprecipitated using anti-Bcl-2 antibodies ([Figure 3B](#fig3){ref-type="fig"}). Moreover, p62 co-localized with Bcl-2 in HeLa cells ([Figure 3C](#fig3){ref-type="fig"}), suggesting that p62 interacts with Bcl-2.

p62 regulates the interaction between Bcl-2 and Beclin 1
--------------------------------------------------------

Because p62 can interact with Bcl-2, and Bcl-2 is a well-known inhibitor of autophagy that acts through interaction with Beclin 1, we next examined whether p62 affects the association between Bcl-2 and Beclin 1. In p62 knockdown cells, a greater amount of Beclin 1 co-immunoprecipitated with Bcl-2 ([Figure 4](#fig4){ref-type="fig"}), suggesting that p62 can block the association between Bcl-2 and Beclin 1.

Discussion
==========

p62 is a cargo receptor that is involved in autophagy and other cellular pathways. It is generally believed that p62 is an adaptor protein for the autophagic degradation of aggregate-prone or misfolded proteins and organelles, and that p62 itself is a selective autophagy substrate targeted by the autophagy-lysosome degradation system through its interaction with LC3^[@bib13]^. In this study, we demonstrated that p62 can directly induce autophagy in cultured cells ([Figure 1](#fig1){ref-type="fig"}).

Beclin 1/class III PI3K complex plays an important role in autophagosome nucleation^[@bib29]^. From our observations, p62 does not induce autophagy by directly affecting Beclin 1/class III PI3K pathway, because the protein levels of Beclin 1 did not change when we knocked down or overexpressed p62 ([Figure 2A](#fig2){ref-type="fig"} and [2B](#fig2){ref-type="fig"}). However, p62 binds to Bcl-2 and affects the protein interaction between Bcl-2 and Beclin 1 ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}), suggesting that p62 regulates autophagy through its direct association with Bcl-2. Given that the anti-apoptotic protein Bcl-2 can bind to Beclin 1 to disturb the Beclin 1-class III PI3K interaction and Beclin 1-associated class III PI3K activity^[@bib30],[@bib31]^, Bcl-2 and Beclin 1 cooperate together to regulate the vesicle nucleation step of the autophagy process. We found that autophagy was activated when Bcl-2 was knocked down ([Figure 2C](#fig2){ref-type="fig"}), which is consistent with other studies^[@bib30],[@bib31]^. We further observed that p62 induces autophagy activation, which can be blocked by Bcl-2 knockdown ([Figure 2C](#fig2){ref-type="fig"}), suggesting that p62 induces autophagy in a Bcl-2-dependent manner.

Because a better understanding of the physiological function of p62 may require the identification of p62 binding partners, in the current study we identified a novel p62 binding protein involved in Beclin 1/class III PI3K machinery. The question that remains is how p62 affects the interaction between Bcl-2 and Beclin 1. We speculate that there are three possibilities: (1) p62 interacts with Bcl-2 to influence Beclin 1/Bcl-2 complex formation; (2) because the association between Bcl-2 and Beclin 1 may require a specific conformation of Bcl-2, p62 may cause a conformational change in Bcl-2 after they interact and subsequently facilitate the dissociation of Bcl-2 from Beclin 1, which may promote Beclin 1-class III PI3K interaction and/or Beclin 1-associated class III PI3K activity; and (3) posttranslational modification such as ubiquitination and phosphorylation of Bcl-2 is very important for Bcl-2 function^[@bib24],[@bib28],[@bib32]^. For example, ERK1-mediated phosphorylation of Bcl-2 promotes autophagy by dissociating Bcl-2 and Beclin 1^[@bib27],[@bib33]^. Because p62 can regulate the activity of various kinases such as PKC and ERK^[@bib34],[@bib35],[@bib36]^, it is possible that p62 may affect the phosphorylation of Bcl-2 through its interaction with Bcl-2 and then modulate Bcl-2- and Beclin 1-mediated autophagy. The precise molecular mechanism underlying the modification of the interaction between Bcl-2 and Beclin 1 driven by p62 needs to be further explored in the future.

In summary, we find that p62 directly binds to Bcl-2 to disturb the Bcl-2 and Beclin 1 interaction, thereby stimulating autophagy through the Bcl-2- and Beclin 1-mediated pathway. Our findings define a novel mechanism in which mammalian cells can use the key autophagic cargo adaptor protein p62 to regulate autophagy activity. Given that p62 is known to be involved in crosstalk between cellular protein quality control systems such as the proteasomal and lysosomal degradation systems^[@bib37],[@bib38]^, as well as diverse aspects of cellular pathways involved in cell death, apoptosis, tumorigenesis, metabolism and inflammation^[@bib21],[@bib39]^, this autophagic mechanism may help us to extend our knowledge of p62 function.
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![p62 activates autophagy. (A) Knockdown of p62 inhibited autophagy in HeLa cells. HeLa cells were transfected with si-nc (negative control siRNA) or si-p62 (combination of \#1 and \#2 si-p62) for 48 h, and then cell lysates were subjected to immunoblot analysis using LC3, tubulin and p62 antibodies. (B) Autophagy was activated after overexpression of Flag-p62 in HeLa cells. Flag or Flag-p62 was transfected into HeLa cells for 48 h. The cell lysates were then subjected to immunoblot analysis using LC3, tubulin, and Flag antibodies. (C) Knockdown of p62 decreased autophagy in HEK293 cells. HEK293 cells were transfected with si-nc (negative control siRNA) or si-p62 (combination of \#1 and \#2 si-p62) for 48 h, and then cell lysates were subjected to immunoblot analysis using LC3, tubulin and p62 antibodies. (D and E) Autophagy was activated when Flag-p62 and p62-EGFP were overexpressed in HEK293 cells. Flag, Flag-p62, EGFP, or p62-EGFP was transfected into HEK293 cells for 48 h. The cell lysates were then subjected to immunoblot analysis using LC3, tubulin, Flag and GFP antibodies. Mean±SEM. *n*=3. ^b^*p*\<0.05.](aps201312f1){#fig1}

![p62 activates autophagy in a Bcl-2 dependent manner. (A) HeLa cells were transfected with si-nc or si-p62 for 48 h, and then cell lysates were subjected to immunoblot analysis using Beclin 1, LC3, tubulin, and p62 antibodies. (B) Flag or Flag-p62 was transfected into HeLa cells for 48 h. The cell lysates were then subjected to immunoblot analysis using Beclin 1, LC3, tubulin, and Flag antibodies. (C) HeLa cells were transfected with si-nc or si-Bcl-2 for 24 h and then were transfected with Flag or Flag-p62 for another 48 h. Finally, the cell lysates were subjected to immunoblot analysis using LC3, tubulin, Bcl-2, and Flag antibodies. Mean±SEM. *n*=3. ^b^*p*\<0.05.](aps201312f2){#fig2}

![Direct association between p62 and Bcl-2. (A) p62 directly interacted with Bcl-2. GST or GST-tagged Bcl-2 bound to glutathione agarose beads was incubated with pET-21a-p62. After incubation, the beads were washed, and bound proteins were subjected to immunoblot analysis using GST or p62 antibodies. (B) Flag-p62 interacted with endogenous Bcl-2 in HEK293 cells. FLAG-tagged p62 was transfected into HEK293 cells. Cells were collected 48 h after transfection and subjected to immunoprecipitation analysis. The inputs and immunoprecipitates were then subjected to immunoblot analysis using antibodies against Bcl-2 and FLAG-HRP. (C) Flag-Bcl-2 co-localized with endogenous p62 in HeLa cells. HeLa cells were transfected with Flag-Bcl-2 for 48 h. Cells were then fixed and subjected to an immunofluorescent assay.](aps201312f3){#fig3}

![p62 regulates the interaction between Bcl-2 and Beclin 1. HEK293 cells were first transfected with si-nc or si-p62 for 24 h and then transfected with Flag-Beclin 1 together with EGFP or EGFP-Bcl-2 for another 48 h. The cells were then collected and subjected to immunoprecipitation analysis. The inputs and immunoprecipitants were subjected to immunoblot analysis using antibodies against GFP, FLAG-HRP, or tubulin. Mean±SEM. *n*=3. ^b^*p*\<0.05.](aps201312f4){#fig4}
